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A COMPARISON OF SCOTS PINE TREES IN AN AMMONIA POLLUTED
STAND AND A CLEAN STAND:
DIFFERENCES IN FREEZING TOLERANCES AND THEIR RELATION TO
NITROGEN, MINERAL, AND SUGAR CONTENTS OF THE NEEDLES
Summary
Freezing tolerance of current and one-year-old needles of 20 to 30-year-old Scots pine
(Pinus sylvestris L.) trees, growing in areas with low or high ammonia deposition,
was studied in relation to their ammonium, nitrogen, sugars and mineral contents.
During autumn and winter, freezing tolerance of one-year-old needles from the NH3-
polluted stand was significantly lower compared with the clean, control stand,
whereas in current-year needles, freezing tolerance of both stands was similar.
Needles from the NH3-polluted trees had a higher ammonium and nitrogen content
and a lower soluble sugar content than the needles from the control trees, but there
were no differences between needles of different age. Potassium content of both
current and one-year-old needles was lower in the NH3-polluted stand, but it was at a
suboptimal level in the one-year-old needles. The concentrations of calcium,
magnesium and phosphorus did not differ between needles of two stands. It was
concluded that the increased frost sensitivity of one-year-old NH3-exposed needles
was not directly caused by their high nitrogen or ammonium content, but could be
attributed to a disturbance of the nutrient balance, in particular the N/K ratio, beyond
critical levels.
Introduction
The forest decline in The Netherlands has been attributed to the high atmospheric
nitrogen deposition (Van Breemen et al., 1982; Nihlgård, 1985; Roelofs et al., 1985). In
several areas nitrogen deposition ranges from 70 to 90 kg N ha-1 yr-1 (Erisman and Heij,
1991; Bleeker and Aben, 1994), which is 7-15 times the natural supply of 5-10 kg N ha-1
yr-1 (Van Dijk and Roelofs, 1988). Atmospheric ammonia, originating mostly from
intensive livestock breeding farms, contributes for 70-80% to this N deposition (Erisman
and Heij, 1991). Almost 70% of this ammonia is deposited dry as NH3 or NH4+ aerosols
and is mainly absorbed by the shoot. The remaining wet deposition of NH4+ can be taken
up by the roots.
Deposition of ammonia severely affects plant functioning: at high concentrations it
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may cause direct toxic effects in sensitive plant species (Temple et al., 1979; De
Temmerman, 1980; Van der Eerden, 1982). At lower and more frequent concentrations it
often results in a disturbance of metabolic and physiological processes, which will
eventually lead to a reduced vitality of the plant (Nihlgård, 1985; Roelofs et al., 1985;
Van Dijk and Roelofs, 1988; Kaupenjohann et al., 1989; Van Dijk et al., 1990; Pietilä et
al., 1991; Heinsdorf and Krauß, 1991; Van der Eerden, 1992; Pérez-Soba, 1995). Due to a
decreased vitality, plants may become more susceptible to natural stress factors, like
drought, frost, insects plagues and fungal diseases (Van der Eerden, 1982; Nihlgård, 1985;
Boxman and Van Dijk, 1988; De Temmerman et al., 1988; Dueck et al., 1991; Van der
Eerden et al., 1991).
Dueck et al. (1991) showed that young Scots pine (Pinus sylvestris L.) trees were
more sensitive to frost in early autumn and in spring when the trees were exposed to 149
nl l-1 NH3 for 5-10 months. Other authors mentioned frost damage in conifers grown in
areas with high ammonia concentrations (Van der Eerden, 1982; De Temmerman et al.,
1988). It was suggested that this increase in frost sensitivity could be attributed to the
high nitrogen supply, which would prolong growth in autumn and delay processes
associated with frost hardening (Dueck et al., 1991). Besides, a shortage of carbohydrates
for cryoprotection and a high NH4+ concentration could occur upon exposure to NH3,
which would reduce frost tolerance (Van der Eerden, 1982; Dueck et al., 1991). However,
in a recent study with Scots pine seedlings exposed to 1000 nl l-1 NH3, we showed that
frost sensitivity was not directly related to the nitrogen and ammonium content of the
needles (chapter 5). Also in red spruce (Picea rubens Sarg.) seedlings, high nitrogen
levels of the foliage did not result in a decreased frost hardiness (Klein et al., 1989;
DeHayes et al., 1989). We suggested that frost sensitivity might be influenced by
ammonia in a more indirect way, viz by a disturbance of the nutrient balance.
To examine this hypothesis, we measured the freezing tolerance of needles from 20 to
30-year-old Scots pine trees which were growing in either a clean or an ammonia polluted
forest stand. The content of ammonium, nitrogen, minerals and carbohydrates was
determined to get more insight in the physiological background of the effect of
atmospheric ammonia on freezing tolerance. Both current and one-year-old needles were
studied, since the effects of ammonia might be more pronounced in needles which have
been exposed for more than one year.
Materials and methods
Plant material
Current and one-year-old needles from 20 to 30-year-old Scots pine (Pinus sylvestris L.)
trees of two different forest stands were investigated. One forest stand was located in an
area with low atmospheric ammonia concentrations in the northeastern part of the
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Netherlands (Appelbergen, Haren), the other in a heavily ammonia-polluted area in the
southeastern part of the Netherlands (Rouwkuilen, Venray). Mean annual and highest
hourly mean atmospheric NH3 concentrations in these stands were approximately 3 and 48
nl l-1 NH3, respectively for the Appelbergen stand, and 29 and 370 nl l-1 NH3, respectively
for the Rouwkuilen stand (Bleeker and Aben, 1994). The soil type in both forest stands
was comparable; it consisted of a slightly loamy and very nutrient poor sandy podzol soil
(De Smet, 1965; Van den Broek, 1966). In the Appelbergen stand 3 trees, and in the
Rouwkuilen stand 4 trees were studied. From all trees 3 branches were collected at
monthly intervals from October 1992 until May 1993. All samples were taken between 12
a.m. and 1 p.m. Trees from the control site (Appelbergen) were sampled one day later
than the trees from the polluted site (Rouwkuilen). Immediately after collection, 25
current-year (formed in 1992) and 25 one-year-old (formed in 1991) needles were
randomly taken from the branches of each tree and frozen in liquid nitrogen. These
needles were stored at -70°C until further analysis. The remaining part of the branches
was taken to the laboratory for determination of the freezing tolerance of the needles the
next day. The branches were stored at outdoor temperatures until analysis.
Determination of freezing tolerance
Current and one-year-old needle pairs were carefully taken from the branches and put in a
glass tube (5 needle pairs per tube, 8 tubes per tree) and frozen until -45 °C as described
by Clement and Van Hasselt (1996), with addition of small ice crystals at -1.5 °C. After
thawing, 1 ml of water was added to the tubes after which they were placed in the
greenhouse (20/18 °C, 14 h light, 50 µmol m-2 s-1) for 5 days.
Frost tolerance was determined after 5 days of recovery by measuring photochemical
efficiency of photosystem II of the needles (Clement and Van Hasselt, 1996). Minimal
(FO) and maximal (FM) chlorophyll fluorescence were measured at 20 °C after a dark
period of 1 h with a portable PAM fluorometer (PAM 2000, Walz, GmbH, Effeltrich,
Germany). The degree of frost hardiness was expressed as the lowest temperature where
the ratio FV/FM (= (FM-FO)/FM) was not significantly different from that of the unfrozen,
control samples.
Determination of free NH4+ content
Immediately after harvest needles were frozen in liquid nitrogen and stored at -70 °C until
analysis of the NH4+ content. Before analysis needles were washed three times with
bidistilled water to remove adsorbed nitrogen and they were dried with tissue paper.
Three needle pairs (125-300 mg FW) were homogenized in 10 ml cold bidistilled water
(adjusted to pH 3.0 with HCl) with addition of 25% (w/w) Polyclar AT. The homogenate
was centrifuged (20 min; 30000 g) at 4°C. The ammonium content in the supernatant was
determined with the phenol-hypochlorite method according to Weatherburn (1967). Per
tree measurements were made in triplicate.
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Determination of total nitrogen content
Needles were frozen in liquid nitrogen and stored at -70°C until analysis of the total
nitrogen content. Before analysis needles were washed three times with bidistilled water
to remove adsorbed nitrogen, dried with tissue paper, weighed and oven dried (48 h at
80°C). Total nitrogen content was determined on 2 needle pairs (50-100 mg DW) with a
modified Kjeldahl procedure according to Doneen (1932). Per tree, measurements were
made in triplicate.
Determination of sugar and starch content
Immediately after harvesting, needles were frozen in liquid nitrogen until analysis of the
sugar and starch content. Water-soluble sugars were extracted from 1 needle pair (50-100
mg FW) with 10 ml 96% ethanol, using 3 extraction steps. In the remaining residue,
starch was hydrolized by boiling for 3 h with 3% (v:v) HCl. Water-soluble sugar and
starch content were determined colorimetrically with anthrone reagent (Fales, 1951).
Samples and measurements were made in triplicate.
Determination of mineral content
To remove adsorbed contamination, needles were washed three times with distilled water
and oven dried for 48 h at 80°C. Per sample 1 cm pieces of 3 to 4 needle pairs (50-100
mg) were digested with a sulphuric/salicylic-acid mixture according to Ekpete and
Cornfield (1964). Needle destruates were diluted to 100 ml with distilled water.
Concentrations of K+ were measured spectrophotometrically with a Technicon
AutoAnalyzer II system. Ca2+, Mg2+ and total P were measured with an Inductively
Coupled Plasma spectrophotometer (ICP), type IL Plasma 200.
Statistics
Data were statistically analyzed using a two-way analysis of variance (ANOVA). Pairwise




Freezing tolerance of the current-year needles from the Appelbergen stand increased from
October until February and subsequently decreased until May. The maximum freezing
tolerance was achieved in February, viz at -29.3 °C (Fig. 1a). The current-year needles of
the polluted Rouwkuilen forest stand showed a similar hardening/dehardening
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Figure 1. Freezing tolerance (°C) of current (A) and one-year-old (B) needles from 20-30 year
old Scots pine trees from a clean (Appelbergen, open bars) and an ammonia polluted
(Rouwkuilen, shaded bars) forest stand, measured from October 1992 until May 1993. Data
represent mean of 3 (Appelbergen) or 4 (Rouwkuilen) trees ± SD.
pattern (Fig. 1A). There were no significant differences in freezing tolerance between the
two forest stands.
The development of freezing tolerance in the one-year-old needles of the clean
Appelbergen stand was comparable to that observed in the current-year needles (Fig. 1B).
However, the one-year-old needles from the polluted Rouwkuilen stand were significantly
less frost tolerant (P<0.01) than the needles from the Appelbergen stand during the first 5
months (Fig. 1B). From March until May, no significant differences in freezing tolerance
were observed between the two forest stands.
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Figure 2. Free ammonium content (µg g FW-1) of current (A) and one-year-old (B) needles from
20-30 year old Scots pine trees from a clean (Appelbergen, open bars) and an ammonia polluted
(Rouwkuilen, shaded bars) forest stand, measured from October 1992 until May 1993. Data
represent mean of 3 (Appelbergen) or 4 (Rouwkuilen) trees ± SD.
Ammonium and nitrogen content
Both current and one-year-old needles from the polluted Rouwkuilen stand had a
significantly higher (P<0.01) free ammonium content than the needles from the cleaner
Appelbergen site (Fig. 2A and B). In the current-year needles, no clear trend of
ammonium content with time could be observed. One-year-old needles from both stands
showed a gradual increase in free ammonium content from November until March,
followed by a decrease until May. In October, ammonium content in these needles was
high (Fig. 2B).
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Figure 3. Total nitrogen content (mg g DW-1) of current (A) and one-year-old (B) needles from
20-30 year old Scots pine trees from a clean (Appelbergen, open bars) and an ammonia polluted
(Rouwkuilen, shaded bars) forest stand, measured from October 1992 until May 1993. Data
represent mean of 3 (Appelbergen) or 4 (Rouwkuilen) trees ± SD.
Total nitrogen content gradually increased from October until January in current as
well as one-year-old needles from both stands (Fig. 3A and B). From January until May
nitrogen content was constant. Needles from the Rouwkuilen stand always had a
significantly higher (P<0.01) nitrogen content than the Appelbergen needles, except for
the current-year needles in October and November (Fig. 3A and B). Mean nitrogen
contents of the current-year needles measured over the time period from January until
May were 18.0 and 27.6 mg g DW-1 for the Appelbergen and Rouwkuilen stand
respectively. One-year-old needles had a nitrogen content of 17.6 (Appelbergen) and 27.9
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(Rouwkuilen) mg g DW-1 for the one-year-old needles of the Appelbergen and
Rouwkuilen stand respectively (Fig. 3A and B). There were no significant differences in
nitrogen content between the needles of both year classes.
Soluble sugar and starch content
Soluble sugar content of both current and one-year-old needles gradually increased from
November until spring. In the current-year needles, it decreased in May (Fig. 4A). From
Figure 4. Soluble sugar content (mg g FW-1) of current (A) and one-year-old (B) needles from 20-
30 year old Scots pine trees from a clean (Appelbergen, open bars) and an ammonia polluted
(Rouwkuilen, shaded bars) forest stand, measured from October 1992 until May 1993. Data
represent mean of 3 (Appelbergen) or 4 (Rouwkuilen) trees ± SD.
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November until April, needles from the clean Appelbergen stand had a significantly
higher (current-year P<0.05; one-year-old P<0.01) soluble sugar content than the needles
from the polluted Rouwkuilen forest stand (Fig. 4A and B). In October and May, soluble
sugar contents of needles from the Rouwkuilen trees were similar or even higher
compared to the Appelbergen needles (Fig. 4A and B).
Starch content in the current-year needles was constant from October until May. There
were no significant differences between the two forest stands. From March until May,
starch content increased in needles from both forest stands, but to a significantly
Figure 5. Starch content (mg g FW-1) of current (A) and one-year-old (B) needles from 20-30
year old Scots pine trees from a clean (Appelbergen, open bars) and an ammonia polluted
(Rouwkuilen, shaded bars) forest stand, measured from October 1992 until May 1993. Data
represent mean of 3 (Appelbergen) or 4 (Rouwkuilen) trees ± SD.
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(P<0.01) lower extent in the current-year needles from polluted Rouwkuilen than in the
needles from the clean Appelbergen trees (Fig. 5A). In the one-year-old needles, starch
content measured from December until February was higher than in October and
November (Fig. 5B). Also for these needles no significant differences in starch content
between the two stands could be detected. In both needles from Appelbergen and
Rouwkuilen, starch content increased from March until May (Fig. 5B). In contrast to the
current-year needles, there were no significant differences in starch content between the
two stands over this time period.
Mineral content
Current-year needles had a higher potassium and calcium content and a lower magnesium
and phosphorus content than one-year-old needles (Table 1). Potassium content of both
current and one-year-old needles from the polluted Rouwkuilen stand was significantly
(P<0.05) lower than of the clean Appelbergen needles. The content of Ca, Mg and P did
not differ significantly between the two stands (Table 1).
The ratios of N to the other minerals was always higher in the needles from the
Rouwkuilen stand (Table 1). One-year-old needles of these trees had a significantly higher
N/K ratio than the current-year needles.
Discussion
Current-year needles of both the Appelbergen and Rouwkuilen stands and one-year-old
needles of the Appelbergen stand showed a typical hardening/dehardening pattern for
Scots pine needles. Hardening occurred in autumn and begin winter, induced by a
shortening of daylength and lowering of the temperature and dehardening was observed in
late winter and early spring when daylength and temperature increased (Aronsson and
Eliasson, 1970; Bervaes et al., 1978; Lindgren and Hällgren, 1993).
In the current-year needles freezing tolerance did not differ significantly between the
NH3-polluted and control forest stands, but it was significantly reduced in the one-year-
old needles from the polluted Rouwkuilen stand from October until February. The
decrease in frost tolerance of one-year-old needles from the Rouwkuilen stand might be
explained by the high nitrogen content of these needles: it has been proposed that a high
nitrogen content would prolong growth and slow down metabolic processes associated
with frost hardening (Nihlgård, 1985; Friedland et al., 1984; Dueck et al., 1991).
Aronsson (1980) showed that in Scots pine trees optimum frost hardiness was found in
needles containing between 1.3 and 1.8% nitrogen. Frost tolerance decreased above a
nitrogen content of 1.8 or 2% (Aronsson, 1980). In our study, nitrogen content of the one-
year-old needles from the Rouwkuilen trees was nearly 2.8% on a dry weight basis, Table
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1. Mineral contents (µmol g DW-1) and ratios of N to other elements (mol mol-1) of current and
one-year-old needles from 20-30 year old Scots pine (Pinus sylvestris L.) trees from a clean
(Appelbergen) and an ammonia polluted (Rouwkuilen) forest stand, sampled in February 1993.
Data represent the mean of 3 (Appelbergen) or 4 (Rouwkuilen) trees ± SD. Data marked with an
asterix were significantly different (** p<0.05) from the control trees.
K-content Ca-content Mg-content P-content
(µmol g DW-1) (µmol g DW-1) (µmol g DW-1) (µmol g DW-1)
current-year needles
Appelbergen (clean) 217.3 ± 57.5 60.1 ± 15.7 31.4 ± 3.9 48.2 ± 4.5
Rouwkuilen (polluted) 131.0 ± 29.3** 92.6 ± 48.1 34.8 ± 3.4 50.3 ± 5.2
one-year-old needles
Appelbergen (clean) 139.2 ± 22.3 119.2 ± 33.8 27.5 ± 2.9 40.0 ± 7.2
Rouwkuilen (polluted) 89.6 ± 16.3** 137.2 ± 77.0 29.8 ± 4.9 41.3 ± 7.3
N/K ratio N/Ca ratio N/Mg ratio N/P ratio
(mol mol-1) (mol mol-1) (mol mol-1) (mol mol-1)
current-year needles
Appelbergen (clean) 4.4 ± 1.0 16.6 ± 6.3 30.3 ± 9.5 19.1 ± 3.0
Rouwkuilen (polluted) 12.8 ± 2.4 22.4 ± 11.9 47.4 ± 9.7 32.3 ± 2.7
one-year-old needles
Appelbergen (clean) 5.7 ± 0.4 7.0 ± 1.8 29.2 ± 5.7 17.5 ± 8.2
Rouwkuilen (polluted) 17.3 ± 2.5 13.7 ± 5.9 52.3 ± 9.4 37.6 ± 6.2
measured from January until May, which is far above the considered optimal level for
Scots pine of 1.8% (Heinsdorf and Krauß, 1991; Hendriks et al., 1994). In the needles
from the Appelbergen trees, nitrogen content was at a normal level of 1.8%. However, in
the current-year needles of the Rouwkuilen stand similar nitrogen contents were observed
as in the one-year-old needles of these trees, but without a decrease in frost tolerance.
Apparently, the high nitrogen content alone is not responsible for the increased frost
sensitivity in Scots pine needles. The observation that the nitrogen content was low in
October and November, while freezing tolerance of the one-year-old Rouwkuilen needles
was decreased in this period, supports this conclusion.
The increase in nitrogen content in autumn, which was observed in both current and
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one-year-old needles, may be explained by the inhibition of growth by the decrease of
temperature and daylength. Under these circumstances, nitrogen cannot be used for
growth and it will accumulate. However, it should be mentioned that nitrogen contents
measured in October were very low compared to levels found in literature (Van Dijk and
Roelofs, 1988; Hendriks et al., 1994; Pérez-Soba and De Visser, 1994), possibly caused
by a retranslocation of nitrogen from the needles to other plant parts.
Another factor which could explain the increased frost sensitivity in the one-year-old
needles from trees of the polluted Rouwkuilen stand, was the significantly higher NH4+
content in these needles, compared to the Appelbergen needles. Accumulation of free
ammonium was suggested to decrease frost tolerance by saturation of lipids in the cell
membranes, which would lead to a decreased flexibility of the membranes (Van der
Eerden, 1982). However, from our study we have no evidence that ammonium would lead
to a lower freezing tolerance, since current-year needles from the Rouwkuilen stand had
similar NH4+ contents as the one-year-old needles, while these current-year needles did
not show a decreased frost tolerance. Also in needles of 3 month old NH3 exposed Scots
pine seedlings, accumulation of ammonium did not lead to a reduced frost tolerance
(chapter 5).
Soluble sugar content plays a role in frost hardiness of several plant species by its
cryoprotection (Levitt, 1980). In Scots pine seedlings the development of frost tolerance
was strongly correlated with an increase of carbohydrate content of the needles (Aronsson
et al., 1976). Exposure to ammonia could result in a lowering of the carbohydrate content
and a reduced frost tolerance (Van der Eerden, 1982; Nihlgård, 1985; Dueck et al., 1991),
since the metabolization of ammonia to amino acids and proteins involves the use of
carbon skeletons and leads to a decreased rate of sucrose synthesis (Champigny et al.,
1992; Lea et al., 1992). Soluble sugar content was significantly lower in needles from
trees of the polluted Rouwkuilen stand, probably due to metabolization of absorbed
ammonia. However, it should be noted that the decrease in soluble sugar content was not
correlated with a lowering of the freezing tolerance, since it was observed in both current
and one-year-old needles, whereas freezing tolerance was negatively affected only in the
one-year-old needles from the Rouwkuilen stand.
Starch content of the needles was constant from October until February in both current
and one-year-old needles, but it increased from March until May. This increase in spring
may be caused by the fact that the photosynthetic carbohydrate production exceeds the C-
demand by growth processes, since in this period temperature likely limits various
physiological processes within the plant. It was shown by Pollock and Eagles (1988) that
processes controlling growth, like cell expansion and cell division, were more sensitive to
low temperature than photosynthesis. Therefore, in spring photosynthetically derived
carbohydrates probably cannot be immediately used for growth and may be stored as
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starch. The relatively lower increase in the needles from the polluted Rouwkuilen stand
can be explained by the metabolization of absorbed ammonia at the expense of
carbohydrates (Champigny et al., 1992; Lea et al., 1992).
Mineral content of the needles from the Rouwkuilen trees was clearly affected by
serious NH3 pollution. Potassium content was significantly lower in the needles from the
Rouwkuilen trees than in the Appelbergen trees. The K content of the one-year-old
needles from the Rouwkuilen stand was very low compared to that found in healthy trees
and it was similar to that measured in trees with low vitality (Van Dijk and Roelofs,
1988; Hendriks et al., 1994). Potassium content of the current-year needles from
Rouwkuilen was within the normal range for Scots pine (Van Dijk and Roelofs, 1988;
Hendriks et al., 1994). Magnesium and phosphorus content of the two stands were not
significantly different and were within the normal range, while calcium content was high
in both stands (Van Dijk and Roelofs, 1988; Hendriks et al., 1994).
The differences in the ratios of N to the other minerals between needles from the two
stands were more pronounced than the contents of the minerals alone. In both current and
one-year-old needles of the Appelbergen trees, the ratios of N to the other minerals was
at a level considered to be normal or optimal for trees (Hendriks et al., 1994). Needles
from the Rouwkuilen stand had a low N/Mg and N/K ratio, while the N/P ratio was
normal (Hendriks et al., 1994). Especially the N/K ratio in the one-year-old needles was
very low (Hendriks et al., 1994). We assume, that the mineral balance was more
disturbed in the one-year-old needles from the trees of the polluted Rouwkuilen stand
than in the current-year needles.
From field studies it is known that the concentration of minerals within the plants can
markedly influence frost hardiness (see Christersson, 1973; Aronsson, 1980: Levitt, 1980;
Klein et al., 1989; Senser, 1990). Especially the proportions between nutrients seems to
be important, since plants which are well balanced in ionic ratios seem to endure stress
better than plants with a nutrient imbalance (Aronsson, 1980; Nihlgård, 1985). In our
study the observed differences in nutrient balance between current and one-year-old
needles may explain the differences in freezing tolerance of the needles. In the current-
year needles, mineral contents show a disturbance of the nutrient balance, but the levels
are still within or only slightly below the ranges considered to be normal for Scots pine.
However, in the one-year-old needles, the disturbances are more pronounced and result in
nutrient contents and nutrient ratios which are far below the normal level (Hendriks et al.,
1994). At these very low levels, vitality of the needles will be low (Van Dijk and
Roelofs, 1988), which might result in a decreased capacity for hardening (Nihlgård,
1985), as observed in the one-year-old needles in autumn and winter. Therefore, we
suggest that a change in nutrient balance rather than a high nitrogen or ammonium
content itself or a low carbohydrate content alone could be responsible for the observed
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decrease of frost tolerance upon exposure of Scots pine needles to atmospheric ammonia.
Clearly, the combination of nutrient imbalance and low sugar contents in trees exposed to
high atmospheric ammonia pollution on the long term reduces the vitality and frost
tolerance of one-year-old pine needles.
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